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O ■ ABSTRACT 

u 

(-H ' We have compiled a sample of 234 ultra-steep-spectrum (USS) selected radio 

I sources in order to find high-redshift radio galaxies. The sample covers the declination 

I . range -40° <6 < -30° in the overlap region between the 1400-MHz NRAO VLA Sky 

O ' Survey, 408-MHz Revised Molonglo Reference Catalogue and the 843-MHz Sydney 

^ ! University Molonglo Sky Survey (the MRCR-SUMSS sample). This is the second in 

^ ■ a series of papers on the MRCR-SUMSS sample, and here we present the if -band 

(2.2/zm) imaging of 173 of the sources primarily from the Magellan and the Anglo- 
Australian Telescopes. We detect a counterpart to the radio source in 93 per cent of 
the new A'-band images which, along with previously published data, makes this the 
I largest published sample of AT-band counterparts to USS-selected radio galaxies. The 

£^ i location of the A-band identification has been compared to the features of the radio 

emission for the double sources. We find that the identification is most likely to lie 
near the midpoint of the radio lobes rather than closer to the brighter lobe, making the 
centroid a less likely place to find the optical counterpart. 79 per cent of the identifi- 
cations are less than 1 arcsec from the radio lobe axis. These results differ from studies 
, of low-redshift radio samples where the environments are typically not nearly so dense 

and disturbed as those at high redshift. In contrast to some literature samples, we find 
that the majority of our sample shows no alignment between the near-infrared and 
radio axes. Several different morphologies of aligned structures are found and those 
that are aligned within 10 degrees are consistent with jet-induced star formation. The 
. , distribution and median value of the A-band magnitudes for the MRCR-SUMSS sam- 

■ pie are found to be similar to several other USS-selected samples even though each 

sample has a very different median 1400 MHz fiux density. USS-selection from a lower- 
radio-frequency sample has not netted fainter A-band magnitudes, which may imply 
that the k-correction is not responsible for the effectiveness of USS-selection. Due to 
space constraints, lower resolution figures are shown here, and the full resolution is 
available in the MNRAS published paper. 

Key words: galaxies: active - surveys - galaxies: high-redshift - infrared: galaxies - 
radio continuum: galaxies. 
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1 INTRODUCTION 

At low-red shift, powerful radio galaxies are hos ted by giant 
ellipticals l|Matthews. Morgan fc Schmidt|[l963 '). The infer- 
ence that high-redshift radio galaxies (HzRG s; z > 2) host 
a sup ermassi ve (> lO'' Mq) black hole (Blan dford fc Paynel 
1 19821 ). and the close connection between the mass of the 
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black hole and that of the galaxy (e.g. lGebhardt et al.ll2003l ). 
provides an evolutionary path to the present-day giant ellip- 
ticals. HzRGs are therefore excellent laboratories for study- 
ing the evolution of massive galaxies. 

Most HzRGs found to date have been selected on the 
basis of their steep radio spectral index a (where 5*1^ cx 
for flux density S at frequency v), since ultra-steep-spectrum 
(USS; a < —1.0) radio galaxies are more likely to be found at 
z > 2 (|Blumenthal fc MilevI [l979l : iTielens. Milev fc Willis 1 
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1 19791 : iDe Breuck et al.ll2000l . |2006| ). The physical basis for 
this so-called z — a correlation was previously thought to be 
due to a concave radio galaxy spectrum that was assumed to 
steepen to higher frequencies. The steeper part of the spec- 
trum would be redshifted, giving a steeper spectral index at 
a given observed frequency for a high-redshift source than 
a low-redshift one. However, this i n terpr etation has recently 
been challenged by iKlamer et al.l (|2006l ) who introduced a 
new paradigm for interpreting the radio spectra of high- 
redshift massive galaxies, in which USS massive galaxies are 
located in extremely dense environments, comparable to rich 
clusters of galaxies in the local Universe. The high ambient 
gas density in this environment means that the radio lobes 
are pressure-confined and lose their energy slowly by syn- 
chrotron and inverse Compton losses (rather than rapidly 
by adiabatic expansion as occurs in more rarefied environ- 
ments at low redshift). If this interpretation is correct, then 
not only do radio galaxies represent the extreme limit of the 
galaxy mass function at early times, they may also locate the 
most extreme overdensities of matter in the early Universe. 

The number density of HzRGs is low, only a few times 
10"** Mpc"^ ( Vcncmans ct a l. 2007l'l. Of these, 96 per cent 
are detected to iC = 22 (|Milev fc De Breuckl [20o3 ) and 
hence a iC'-band survey is an efficient method of identify- 
ing the hosts of USS radio-selected galaxies. The spectral 
energy distribution of old (> 1 Gyr) stars peaks in the near- 
infrared at low redshift, while that of young blue stars domi- 
nates the K-hand at high redshift, and therefore it has been 
argued that the K-hand emission can be assumed to trace 
the stellar mass. HzRGs have the highest isT-band luminosi- 
ties in the early Universe, and are brighter than optically- 
selected galaxies at all redshifts, which demonstrates that 
radio galax ies are among the most mas si ve galaxies at 
all e pochs (|Rocca-Volmerange et al.l |2004| : ISevmour et al.l 
I2OO7I ). Furthermore, they follow a well-known lineaiQ corre- 
lation between re dshift and K magnitude, the K-z relation 
l|Lillv fc Longaiij[T984 ). which is an efficient tool for filter- 
ing out the low-redshift galaxies, leaving a smaller sample of 
potential high-redshift objects for follow-up spectroscopy. 

We have carried out a search in the Southern Hemi- 
sphere designed to find high-redshift {z > 2) radio galaxies, 
to study their evolution, and to form a significant sample of 
those at 2 < z < 3.5 for a detailed quantitative study of their 
environments. This is the first survey in the South to use 
sensitive low-frequency catalogues to data mine a large area 
of sky, and it became possible with the completion of the 
843-MHz Sydney University Molongl o Sky Survey (SUMSS; 
iBock et al.lll999l : [Mauch et al.lliooi') and the reana lysis of 
the 408-MHz Molonglo cross data (|Large et al.l ll98lh to give 
the Revised Molonglo Reference Catalogue (MRCR; Craw- 
ford, private communication). 

The details of the sa mple selection and the r adio imag- 
ing results were given in iBroderick et al.l l|2007l . hereafter 
Paper I) . The present paper discusses the if-band identifica- 
tions and magnitudes for 173 of the radio sources iu iPaper 1 . 
along with new higher-resolution radio images. The optical 
spectra for sources from the MR CR-SUMSS sample are in- 
troduced in iBrvant et al.l (|2008l . hereafter Paper 111) which 



^ Linear fit between log(2:) and K magnitude corresponds to a 
power-law relation between z and 2.2^m fiux. 



presents a detailed analysis of the radio, iC'-band and red- 
shift information for the sample. We have adopted a flat, A 
cold dark matter cosmology with Ho = 71 km s~^ Mpc^^, 
nu = 0.27 and = 0.73. 



2 OBSERVATIONS AND DATA REDUCTION 

2.1 Target selection 

The sources for our survey were selected by cross-matching 

(i) the 843-MHz SUMSS catalogue, 

(ii) the 408 MHz MRCR, which lowered the earlier MRC flux 
density limit of 0.95 Jy to ^200 mjy (5cr), an d 

(iii) the 1400-MHz NVSS (|Condon et al.lll998l ) in the overlap 
region with SUMSS (declination -30° to -40°). 

We then selected sources with a spectral index between 
408 to 843 MHz, < -1.0 and |6| > 10° (to avoid con- 
fusion from the Galactic plane). Double lobed sources were 
inspected by eye to ensure that both components were in- 
cluded in the flux density measure. Minimum flux density 
cut-offs of 200mJy and 15mJy were applied to the MRCR 
and NVSS catalogues respectively to improve the accuracy 
of the spectral indices. 

The target selection is discussed in detail in IPaper"^ . 

2.2 Radio observations - ATCA 

2.2.1 1384- and 2368-MHz imaging 

Radio images were obtained with the Australia Telescope 
Compact Array (ATCA) in several runs in 2003-2006. Both 
1384- and 2368-MHz images were needed to pinpoint the K- 
band identification. The full details of the radio observations 
and reduction are given in IPaper j where the analysis was 
done with natural-weighted images. However, in this paper, 
in cases where the A'-band counterpart was not clear, we 
used uniform- weighted images as they have better resolution 
of ~ 6.1 X 3.5arcsec2 at 2368 MHz. 

2.2.2 4800- and 8640-MHz imaging 

Higher-resolution observations were obtained for 29 sources 
on UT 2008 January 16 - 20. Dual-frequency observations 
at 4800 and 8640 MHz were carried out with a 2 x 128 MHz 
bandwidth correlator configuration. The 6A array configu- 
ration was used, spanning baselines from 337 to 5939 m. The 
median integration time per source was ~70 min, consisting 
of well-spaced cuts of 3-4 min in duration. PKS B1934— 638 
was used as the primary calibrator, while phase calibrators 
were observed every 20 min. A log of observations for the 
4800- and 8640-MHz data is given in Table [T] 

The data wer e reduced with miriad 

dSault. Teuben fc Wrightl 1 1995), follo wing a procedure 
similar to that described in Paper j We used natural 
weighting to optimise the sensitivity; the median angular 
resolution is 4.2 x 2.9 arcsec^ at 4800 MHz and 2.3 x 1.6 
arcsec^ at 8640 MHz. CLEAN boxes were defined using both 
th e autom atically constrained CLEAN technique described 
in IPaper j . and manual selection where necessary. After 
the CLEAN regions had been defined, each dirty image 
was CLEANed to 2-3 times the theoretical rms noise level; 
typically only '^lOO iterations were necessary. Phase-only 
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array imaged a sky area of 8 x 8 arcmin . Two observing 
runs on 2004 August 3-5 and 2005 June 21-24 were mostly 
clouded out. We did, however, obtain iCs-band images of 42 
sources in seeing of 0.9-1.9 arcsec. Integration times were 
15mins, made up of 8 cycles of 8 s exposures in a 14-point 
random jitter pattern. There were seven non-detections, of 
which five were reobserved on the larger Magellan telescope, 
as discussed in Section [2.3.21 

The data were reduced with the pipeline data reduction 
package, ORACDR, which sky-subtracted, flat-fielded, shifted 
and combined the individual dithered images. The faintest 
objects measured had Ks — 19.6. 
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Figure 1. Distribution of the largest angular size from the 2368- 
MHz images (or 4800- or 8640-MHz i mages wh ere available) for 
all of the MRCR-SUMSS sources from lPaper^ (dashed line) and 
from Table [2] for the objects that were imaged in iC-band (solid 
line). 



self-calibration was then used to improve the dynamic 
range. The median rms noise levels are 0.14 mjybeam"^ 
at 4800 MHz and 0.20 mjybeam"^ at 8640 MHz; the 
measured rms noise level is in close agreement with the 
theoretical value in all but a handful of the CLEAN images. 
We estimate that the typical positional uncertainty is 
< 0.5 arcsec at both 4800 and 8640 MHz. However, in a 
handful of cases, the positional uncertainty may be up to 
~0.5 arcsec at 8640 MHz because of poor phase stability. 



2.3 K-hand (2.2^m) observations 

The Jf-band observations are listed in the log of observations 
in Table [U A Ks filter was used for the if -band imaging. 

Of the 234 sources with radio imaging, two already 
have 2MASS magnitudes and we have selected a further 163 
sources for K-hand imaging. In addition, there are eight 
tar gets in our sample tha t have previously been observed 
bv iDe Breuck et al.l l|2004l ). The selection of sources for K- 
band foUowup was primarily based on the Right Ascensions 
accessible during the observing sessions, and hence there is 
no bias in the if-band sample compared to the radio sam- 
ple. There was no selection made on the basis of flux density 
or radio morphology. Fig. [1] shows that the sources chosen 
for K-hand imaging are representative of the largest angular 
size (LAS) distribution of the whole radio sample. 



2.3.2 PANIC 

We observed 126 targets in Ks-hand with Persson's Aux- 
iliary Nasmyth Infrared Camera (PANIC; iMartini et al.l 
l2004h on the 6.5-m Magellan Baade telescope at Las Cam- 
panas Observatory on 2006 June 11-13, 2006 Novem- 
ber 8-10 and 2007 April 2-4. These included five ob- 
jects that remained undetected in IRIS2 images and two 
targets whic h were undetected in previous NTT obser- 
vations (see iDe Breuck et al] l2004h . The field of view is 
2x2 arcmin^ from the 1024 x 1024 pixel HgCdTe Hawaii de- 
tector with 0.125 arcsec pixel" ^. Seeing in the optical ranged 
from 0.6-0.8 arcsec for most of the three observing runs, only 
briefly exceeding 1.0 arcsec, and at best reaching just under 
0.5 arcsec. The conditions were photometric apart from two 
hours of thin cirrus in the 2006 June run. We used a 9-point 
dither pattern of 20-s exposures and repeated this pattern 
with three loops giving an exposure time of 9mins. Reduc- 
tion was done in real time and if the object was not detected 
in 9 mins, the integration was repeated. 

We had intermittent problems with moon glow caus- 
ing slight to very strong stripes across the image. This was 
mostly due to reflection of the moon off the telescope baffles. 
In the 2006 November run we had brief periods of interfer- 
ence in the images due to an electronics problem. Both of 
these issues were short lived and when they occurred they af- 
fected only some of the nine dithered images. In those cases, 
the nine images were carefully inspected, and only the clean 
dithers were combined. Hence, some of the integration times 
for PANIC images are not multiples of 9 mins (see Table [2]). 

Reduction was done using the GOPANIC reduction 
pipeline routine, which is part of the PANIC package in 
IRAF by P. Martini. The pipeline summed the individual 
exposures, applied a linearity correction, flat fielded and 
sky subtracted the images, did a distortion correction then 
shifted and added the individual dithered images into a fi- 
nal frame. When multiple dither sequences were done, the 
shifts measured in iraf centers were used in iraf imcom- 
BiNE to make the final image. The deepest images reached 
Ks — 21.5 (in just under 1 hr integration). Counterparts for 
nine sources were not detected. 



2.3.1 IRIS2 

Our initial Ks-hand imaging was begun on the 3.9- 
m An glo-Austrahan Teles c ope's (AAT) IRIS2 de- 
tector (iGilhngh am fc Jones! I2OOOD . With a scale of 
0.446 arcsec pixer^ the 1024 x 1024 pixel HAWAII HgCdTe 



2.3.3 Astrometry 

Accurate coordinates were applied to the final IRIS2 and 
PANIC images by comparison with the SuperCOSMOS Sky 
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Table 1. Log of observations. 



Date 



Telescope Instrument Optical seeing 

(arcsec) 



AT-band imaging: 

2004 August 3-5 AAT IRIS2 0.9-1.9 

2005 June 21-24 AAT IRIS2 0.9-1.9 

2006 June 11-13 Magellan PANIC 0.5-1.5 

2006 November 8-10 Magellan PANIC 0.5-1.3 

2007 April 2-4 Magellan PANIC 0.5-1.0 
4800- & 8640-MHz imaging: 

2008 January 16-20 ATCA 



Survey (|Hamblv et al.ll200ll') im ages using the KARMifl as- 
trometry package i GoochI 19961 ') koords. The SuperCOS- 
MOS astrometry is accurate to ^ 0.2-arcsec rms. There are 
several fields at high Galactic latitude with larger astromet- 
ric uncertainties; these fields have as few as three stars in 
the PANIC field of view. The majority of fields had more 
than seven stars suitable for astrometry. 

The astrometric accuracy on the ifs-band images was 
sufficient in most cases to identify the counterpart to each 
radio source. Of the 11 sources (9 from PANIC and 2 from 
IRIS2) without a iC'-band identification, it is most likely that 
the identifications are simply fainter than the image limit or 
the radio structures are extended with ambiguous identi- 
fications. The non-detections are discussed further in Sec- 
tion 13.21 We are confident that the non-detections are not 
due to astrometric misalignment. 



the photometry fitting errors and the offset errors from fit- 
ting 2MASS stars. 

Several of the PANIC fields were affected either by some 
cloud, or by reflections of moonlight onto the detector lead- 
ing to uneven backgrounds. Stray hght on one quadrant of 
the IRIS2 chip gave background variations in some IRIS2 
frames. In these cases the photometric errors are substan- 
tially higher. 

An airmass correction was not applied as all images had 
an airmass < 2 and the correction was small compared to 
the errors. No Galactic extinction correction was applied as 
fewer than 30 of our sources have |fo| < 20°. 

All of the identifications were compact at if-band, such 
that a 4-arcsec-diameter aperture was sufficient to contain 
each source without contamination from nearby objects. 



2.3.4 K -band photometry 

Two of the objects already had if -band magnitud es listed 
in th e Two Micron AU Sky Survey (2MASS; Skruts kieet all 
I2OO6I ) and therefore did not need to be reobserved. Both the 
PANIC and IRIS2 imaging was done through a Ks-hand fil- 
ter as were the 2MASS images. The differences among Ks 
filters are much smaller than the magnitude errors and have 
therefore been ignored. As we do not have any colour infor- 
mation and the effect is very small, we have not converted 
Ks-hand magnitudes to A'-band. For simplicity, we refer 
hereafter to the magnitudes as K rather than Ks. 

Photometry was done in iraf radprof using stars from 
the 2MASS point source catalogue. In most fields there were 
at least four 2MASS stars which were used for calibrat- 
ing our photometry. Because of their smaller fields of view, 
there were six PANIC fields which had only two suitable 
2MASS stars, two fields had one and one field had no suit- 
able 2MASS stars. Therefore, aU of the 2MASS stars mea- 
sured in the images were plotted against the PANIC mea- 
sured magnitudes, and a best fit line was used to calibrate 
the frames that had fewer than four 2MASS stars. Even in 
the cases where there were four 2MASS stars to calibrate 
an individual field, the photometry agreed, within errors, 
with the best fit line for all stars across all fields. In each 
case, the resultant errors were carefully assessed based on 
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3 RESULTS 

Fig. m shows the ATCA 2368-MHz contours from iPaper t 
overlaid on the K-hand images, for a selection of our sources, 
including those discussed individually in Section [3.21 and in 
iPaper IIIl Overlay plots for the remainder of our sources can 
be found in the Appendix. 

Table [2] lists the data for the objects we observed in 
K-hand, or for which we have an identification which ha s 
been followed up with spectroscopy (presented in lPaper IlJ) . 
Some sources not only met our selection criteria, but were 
also part of the SUMSS-NVSS sample (|De Breuck et all 
I2OO4I : Paper I) and were therefore not reobserved. For those 
sour ces, the isT-band magni tudes and positions given are 
from lDe Breuck et all (120041 '). 

The columns in Table [5] are as follows: 

(1) NVSS source name. 

(2) and (3) if-band magnitude in 4-arcsec- and 8-arcsec- 
diameter apertures respectively. For sources marked SC, no 
Tf-band image was obtained as a faint SuperCOSMOS iden- 
tification was found in our overlay plots following the ATCA 
imaging. " — " means that a K magnitude could not be mea- 
sured in an 8-arcsec aperture because of a nearby source or 
because of the sky brightness surrounding very faint sources. 
(4) and (5) RA and DEC (J2000) of the iC-band identifica- 
tion. Sources that had no AT-band or SuperCOSMOS iden- 
tification are marked " — ". 

(6) if-band image exposure time in minutes. 

(7) The origin of the -/f-band image. PANIC is on the Mag- 
ellan Baade Telescope, and IRIS2 is on the AAT. 'DB' refers 
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Figure 2. 2368-MHz ATCA contours overlaid on the if-band images for a selection of our sample, in cluding th e sources discussed in 
Section l3.2l and those with both PANIC or IRIS2 images and spectra which will be discussed further in iPaper Ilj . Overlay plots for the 
remainder of the if -band sample can be found in the Appendix. The ii'-band images show in the header which instrument they are from. 
They have been smoothed using a gaussian kernel of 3 pixels FWHM for the PANIC and IRIS2 images, and 2 pixels FWHM for the 
2MASS images. All the radio contours are from natural-weighted images except NVSS J021759-301512, NVSS J031902-322319 and 
NVSS J142320— 365027 which have uniform weighting and slightly higher resolution. The lowest contour is 3 sigma, and the contours 
are a geometric progression in \/2- The rms noise (cr) is shown in the header of each image in mjybeam"^. Crosshairs mark the if-band 
counterpart to the radio source. The ATCA synthesized beam is shown in the bottom right-hand corner of each panel. 
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Figure 2. continued. 
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Figure 2. contmued. 
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Figure 2. continued. 
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Figure 2. contmued. 
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Figure 3. 4800 or 8640-MHz ATCA contours overlaid on the X-band images including some of the sources which had uncertain 
identifications at 2368 MHz. These are discussed in Section l3.2l The iC-band images show which instrument they are from, in the header, 
and they have been smoothed using a gaussian kernel of 3 pixels FWHM. All the radio contours are from natural- weighted images with 
the lowest contour at 3 sigma, and the contours are a geometric progression in \/2. The rms noise (cr) is shown in the header of each image 
in mjybeam"^. Crosshairs mark the /f-band counterpart to the radio source. The ATCA synthesized beam is shown in the bottom 
right-hand corner of each panel. 
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to sources from lDe Breuck et all l|2004l ') and 'SC is written 
for sources without K, which were identified on the Super- 
COSMOS UKJ and UKR fields. Two objects are from the 
2MASS catalogue. 

(8) Spectral index from the 5-point fit from IPaperj . Some 
sources have spectral shapes that could not be fitted with a 
5-point linear or quadratic fit and the spectral index between 
843 and 1400 MHz is s hown instead. For the sources from 
iDe Breuck et all (|2004t ), the spectral index has been recal- 
culated using updated fiux densities from the latest SUMSS 
catalogue release (version 2.1). Sources with fiattening radio 
spectra at high frequen cies (mar ked f) have a spectral index 
fitted at 1400MHz (see |Paperll ). The spectral indices from 
iKlamer et all (120061 ) . used for the sources marked q, are the 
result of fits to fiux densities at up to seven frequencies be- 
tween 0.843-18 GHz. 

(9) Largest angular size (LA S) from the natural-weighted 
2368-MHz images in 'Paper I, given in arcsec. The sources 
which are also in the SUM S S-NV SS sample have L A S val - 
ues from iDe Breuck et al.1 l|2004l ) or iKlamer et al] (|2006l ) 
and are not all measured at 2368 MHz. The LAS values for 
NVSS J002431-303 330 and NVSS J103615-321659 have 
been updated since IPaper j . with corresponding new posi- 
tion angles of 19 and 17 degrees respectively. 

Table [2] includes all the sources that meet our se- 
lection criteria from I Paper ll (tables 1 and 3), and that 
have J<'-ba nd magnitudes availabl e from our observations, 
2MASS, or lDe Breuck et al.1 l|2004h . NVSS J230527-360534 
and NVSS J231727-352606 are in both the SUMSS- 
NVSS and our MRCR-SUMSS samples and h a ve K - 
band magnitude limits listed in iDe Breuck et al] l|2004h . 



but were reobserved to refine the magnitude; our 
new magnitude is shown in the table. The com- 
bined source NVSS J023601-314204/J023605-314235 and 
NVSS J103441-394957 have red identifications in Super- 
COSMOS and were retained in the sample because the coun- 
terpart was not located until we had high-resolution ATCA 
i mages. The se sources have foUowup spectroscopy presented 
m iPaper Hit 

Of the 17 5 sources with K-hand and/or spectroscopic 
fsee lPaper Hl|) foUowup, 93 per cent (162) had clear A"-band 
counterparts to the radio images, two had SuperCOSMOS 
identifications and 11 had counterparts too faint to detect 
or measure. 

3.1 4800- and 8640-MHz flux densities 

The resuhs of the 4800- and 8640-MHz observations of 
29 sources from the MRCR-SUMSS sample are given in 
Table |3l The columns are the following: 

(1) Name of the source in the NVSS catalogue in lAU J2000 
format. 

(2) The 4800- and 8640-MHz integrated flux densities. In 
most cases, these were obtained using the MIRIAD Gaussian 
fitting task IMFIT. However, when there was a significant 
amount of diffuse extended emission, the flux densities were 
calculated by summing the pixel values in a box or polygon 
and correcting for the background level. The typical flux 
density uncertainties are ~4 per cent at 4800 MHz and ~10 
per cent at 8640 MHz, though in a few cases the 8640 MHz 
flux densities are uncertain by up to ~20 per cent due to 
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Table 2. K-}iaiK\ ])lio1 cjiiicl r^^ results. Details of each column are given in Section 3. 



(1) (2) (3) (4) (rO (6) (7) (8) (9) 

Name K (4" ap.) K (8" np.) RAf2oo''o''"'^ DECf2oo''o°"'^ ^ Origin of c«(5_p„i„t fit) LAS2368 

(mag) (mag) (h m s) (o ' ") time (min) K imaging (arcsec) 
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NVSS 


J140037, 


—354439 


18. 


.6± 


0. 


.1 


18. 


.1 




0. 


.2 


14: 


;00: 


;37. 


76 


— 35: 


:44: 


:40, 


.8 


9 


PANIC 


— 1 


.36 


± 


0. 


.09^ 


2.4 


NVSS 


J 140223 


—363539 


19. 


.8± 


0. 


.3 


19. 


.9 


± 


0. 


.6 


14: 


:02: 


;23. 


.63 


— 36: 


:35; 


:42, 


.2 


27 


PANIC 


— 1 


.38 


± 


0. 


,06 


3.8 


NVSS 


J140303 


—384625 


19. 


.3± 


0. 


.2 












14: 


:03: 


:03. 


,92 


— 38: 


:46: 


:23, 


.4 


9 


PANIC 


— 1 


.02 


it 


0. 


.06 


18.5 


NVSS 


7 1 AnOK A 

J 14UOD4- 


— 382 1 31 


16. 


.9 ± 





.2 


16, 


.6 


rt 


0. 


,2 


14; 


:08; 


;55. 


,24 


— 38: 


:27: 


;38, 


.7 


9 




— 1 


.28 


it 


0. 


.05 


5.3 


NVSS 


J141428 


— 320637 


15 


.5 ± 





.2 


15, 


.5 


zb 


0. 


,2 


14; 


; 14; 


;28. 


,27 


— 32: 


:06: 


:38, 


.7^ 




2MASS 


— 1 


.27 


it 





.05 


1.6 


NVSS 


,J 142(J1,^ 


— 384113 


18 


.8 ± 





.2 


18, 


.7 


zb 


0. 


,2 


14; 


;20; 


; 13. 


,85 


— 38: 


:41: 


: 13, 


.2 


15 


IRIS2 


— 1 


.19 


it 





.05 


17.2 


NVSS 


J142312 


—382724 


18. 


,8 ± 





,2 


18, 


.8 




0. 


,2 


14; 


:23; 


:12. 


.53 


— 38: 


:27: 


:31, 


.0 


9 


PANIC 


— 1 


.03 


± 


0. 


.05 


16.9 


NVSS 


J142320 


-366027 


18. 


.3± 


0. 


.1 


17. 


.7 


± 


0. 


,1 


14: 


;23: 


;20. 


,34 


-36; 


:50: 


:28, 


.0 


9 


PANIC 


-0. 


.93 


± 


0. 


.06 


18.6 


NVSS 


J143122 


-363300 


20. 


.0± 


0. 


.4 












14: 


:31: 


;22. 


,71 


-35: 


:32; 


:55, 


.7 


9 


PANIC 


-1 


.18 


± 


0. 


,06 


16.0 


NVSS 




— oyooUT 


19. 


.2± 


0. 


.6 


18. 


.6 


i 


0. 


.5 


14: 


:38: 


;06. 


.28 


—39; 


:53; 


:09, 


.4 


15 


IRIS 2 


— 1 


.08 


± 


0. 


.06 


3.0 


NVSS 


J144206- 


—346115 


> 20 


. 1 














14: 


:42: 


:06. 


,69 


— 34: 


:51: 


:15, 


.6 


18 


PANIC 


— 


.94 


it 


0. 


.06 


2.5 


NVSS 


T 1 A A'^ A C 


— 01 382 I 


17. 


.8 ± 





. 1 


17, 


.5 


zb 


0. 


, 1 


14; 


;42; 


;45. 


,49 


— 37: 


;38: 


:29, 


.4 


9 




— 1 


.09 


it 


0. 


.04 


16.4 


NVSS 


T 1 A A<^0^ 

J i44yd J 


— 385657 


19. 


.8 ± 





.2 












14; 


;49; 


:32. 


, 79 


— 38: 








45 




— 1 


.23 


it 


0. 


.09-' 


7.5 


NVSS 


T 1 A f i't A f 


— 380012 


16. 


.6 ± 





. 1 


16, 


.4 


zb 


(). 


, 1 


14; 


;50; 


;45. 


,04 


— 38: 


;00: 


: 13, 


.3 


9 


"D A AT TO 


— 


.94 


it 


0. 


.05 


10.2 


NVSS 


J 14oioo 




19. 


,6 ± 






20, 




zb 














— 35: 


:02: 


1 03, 


.3 


27 


PANIC 


— 


. 76 


it 





.05 


1.0 


NVSS 


J 1453 12 ■ 


— 355542 


17. 


.7 ± 


n 


■ 




■ 


_j_ 




■ 


■ 


14 


■ ■ 


12 




-35, 


.55, 


.42, 


.9 


^ 


PANIC 


^'^ 


.99 


it 


0. 


.05 


9.1 


NVSS 


J i4o4U3- 


*7n /t ^ 
—370423 


19. 


.6 ± 


0. 


.2 












14: 


:54: 


:03. 


.40 


— 37: 


:04: 


:26, 


.3 


9 


J-'AJN I*^ 


— 1 


.25 


± 


0. 


.06 


14.8 


NVSS 


J145603 


-370142 


18. 


.0± 


0. 


.3 


18. 


.0 


± 


0. 


,3 


14: 


:56: 


;03. 


,52 


-37: 


:01: 


:46, 


.9 


15 


IRIS2 


-1 


.22 


± 


0. 


.06 


24.2 


NVSS 


J145913 


-380118 


18. 


.3 ± 


0. 


.1 


18. 


.2 


± 


0. 


,2 


14: 


:59: 


:12. 


,99 


-38: 


:01: 


:19, 


.0 


9 


PANIC 


-1 


.12 


± 


0. 


.06 


8.3 


NVSS 


Ti Kr\r\of\ 


— oyofDi- 


16. 


.8 ± 


Q 




16 




-|- 


Q 




15' 


00' 


'26 


29 


gg. 


■39 


■51 


g 


15 


IRIS2 





36 


± 


0. 


04 


18 1 


NVSS 


J ±DU4UO ■ 


OQ/1 *700 

— oy4 / 00 


18. 


,3 ± 










_|_ 
























PANIC 






.02f 






NVSS 




— oo^ouo 


20. 


.2 ± 


Q 


2 


20 




-|- 


Q 




15' 


10' 


'20 


84 


35, 


'28' 


03 


2 


45 


PANIC 




35 


± 


0. 


05 


4 2 


NVSS 


TI t^l 091 


— OD^ZOO 


20. 


.1 ± 


Q 


2 














10' 


21 


80 


^g. 


■42' 


■54 




45 


PANIC 




09 


± 







6 


NVSS 


TI 91 '^ 


— OOZ "i zu 


17. 


,2 ± 


Q 




16 


9 


-|- 


Q 




15' 


12' 


15 


51 


3g, 


■22' 


'21 




15 


IRIS 2 




14 


± 


0. 


06 


28 1 


NVSS 




—373511 


17. 


.3 ± 


Q 




17 




_|_ 


Q 




15' 


15' 


03 


09 


3-^, 


■35 


■ 12 


2 


g 


PANIC 




49 


± 


0. 


05 


7 8 


NVSS 


J i-Oi-Di-U 


—342718 


18. 


.0 ± 


Q 




17 


g 


_|_ 


Q 




15' 


16' 


10 


45 


34, 


'27 


' 18 




g 


PANIC 





15 


± 


0. 


05 


11 5 


NVSS 


TI KOI OQ 


—0 to tUo 


19. 


.3± 


0. 


.3 


19. 




_l_ 


0. 


.6 


15: 




;24. 


.02 


— 37; 


:57; 


: 10, 


^ 


27 


PANIC 


— 


.89 


± 


0. 


.06 


3.6 


NVSS 


TI KOI An 


oonc 1 T 

— oyuoi t 


18. 


.6± 


0. 




18. 




_l_ 
It 


0. 




15: 


21 


;49. 


.13 


— 39; 


:05; 


:20. 


.5 


15 


IRIS2 




.37 


± 


0. 


,04 


11.6 


NVSS 


J162436 


-362623 


20. 


.9± 


0. 


.6 












15: 


:24: 


;35. 


,41 


-35: 


:26; 


:22 


.0 


36 


PANIC 


-1 


.17 


± 


0. 


.06 


< 2 


NVSS 


J152445- 


-373200 


18. 


.3 ± 


0. 


.1 


18, 


,6 


± 


0. 


,2 


15; 


:24; 


:45. 


,37 


-37: 


:31: 


:58, 


,5 


9 


PANIC 


-1 


.07 


it 


0. 


.05 


13.5 


NVSS 


TI ^97'^7 
J J.OZ ( ( 


"^m 4^Q 
— ou J-^oy 


17. 


.6 ± 


g 


2 












15' 


'27' 


37 


88 




'14 






*) 


PANIC~^ 




30 


it 





04 


13 3 


NVSS 


T 1 52747- 


— 3642 18 


19. 


.6 ± 







18. 


.6 




0. 


,2 


15; 


;27; 


:47. 


,38 


— 36: 


:42: 


:18, 




27 


PANI^C 




■■""^ 


it 


0. 


.04 


< 2 


NVSS 




— 362209 


15 


.7 ± 





.3 ' 


15. 


.7 


_l_ 


0. 


,3 


15; 


;29; 


;21. 


, 77 


— 36: 


:22: 


:14, 


.6 ' 




2MASS 




.16 


it 


0. 


.05 


16.0 


NVSS 


T 1 e T e T 

J loo / / ■ 


oc; 9c; e n 
-362659 


18. 


,9 ± 





,3 












15; 


:37; 


;57. 


.23 


— 36: 


:26: 


:58, 


.2 


15 


1R1S2 


— 1 


.01 


it 


0. 


.05 


24.0 


NVSS 


J154513 


/I /1 /I 
— d44;s34 


> 20 


.8 














15: 


:45: 


:13. 


.74 


—34: 


:48; 


;34, 


.3 


9 




— 1 


.10 


± 


0. 


,04 


1.3 


NVSS 




C AK Af^ 


18.4 ± 


0. 


.3 


18. 


.3 


ih 


0. 


.3 


20: 


;19: 


;43. 


.54 


— 36: 


:45: 


:43, 


.2 


15 


IRIS2 


— 1 


.17 


± 


0. 


.06 


14.7 


NVSS 


J202720 


-341160 


> 20 


.3 














20: 


:27: 


:21. 


,00 


-34: 


:11: 


:52, 


.0 


18 


PANIC 


-1 


.12 


± 


0. 


.04 


22.9 


NVSS 


J202856 


-353709' 


16.9 ± 


0. 




16. 


,6 


± 


0. 


,1 


20; 


:28; 


:56. 


,77 


-35: 


:37: 


:06, 


.0 




DB 


-1 


.36 


± 


0. 


.W 


35.8 


NVSS 


J202942 


-341300 


19.3 ± 


0. 


,2 












20; 


:29; 


:42. 


,21 


-34: 


:13: 


:01, 


.3 


9 


PANIC 


-1 


.20 


± 


0. 


.05 


5.9 


NVSS 


J202945 


-344812" 


17.6 ± 


0. 


,1 


17, 


,3 


zb 


0. 


,1 


20; 


;29; 


45. 


,82 


-34: 


:48: 


:15, 


.5 




DB 




-0 


.949 




18.9 


NVSS 


J204526 


-371625 


> 20 


.1 






























18 


PANIC 


-1 


.11 


it 


0. 


.05 


2.2 


NVSS 


J 204601 


-335656 


19.7 ± 


0. 


,4 


18, 


,5 


zb 


0. 


,4 


20; 


:46; 


;01. 


,09 


-33: 


:56: 


:57, 


.1 


9 


PANIC 


-1 


.13 


it 


0. 


.05 


2.2 


NVSS 


J204859 


-393404 


18.9 ± 


0. 


.1 


18, 


.0 


± 


0. 


,1 


20; 


:48; 


:59. 


,01 


-39: 


:34: 


:04, 


.2 


9 


PANIC 


-1 


.40 


± 


0. 


.05 


8.2 


NVSS 


J210626 


-314003 


18.7 ± 


0. 


.2 


18. 


.8 


± 


0. 


,4 


21: 


:06: 


:25. 


,90 


-31: 


:40: 


:01, 


.5 


9 


PANIC 


-1 


.04 


± 


0. 


.05 


24.2 


NVSS 


J210814 


-360823 


19.6 ± 


0. 


.5 












21: 


:08: 


;14. 


,46 


-35: 


:08: 


:25, 


.3 


9 


PANIC 


-1 


.08 


± 


0. 


.04 


8.1 


NVSS 


J211107 


-3140681" 


18.3 ± 


0. 


.2 


17. 


.5 


± 


0. 


,2 


21: 


11: 


;07. 


,50 


-31; 


:40; 


:32, 


.7 


15 


IRIS2 


-1 


.26 


± 


0. 


.07 


67.8 


NVSS 


J211108 


-313958] 




















































NVSS 


J212048 


-333214 


19.1 ± 


0. 


,1 


18. 


.6 


lb 


0. 


,1 


21: 


;20: 


:48. 


,76 


-33; 


:32; 


:14, 


.4 


15 


IRIS2 


-1 


.07 


it 


0. 


.04 


4.5 


NVSS 


,1212706 


-340322 


18.1 ± 





,2 


18. 


.2 


± 


0. 


,2 


21: 


;27: 


06. 


,05 


-34; 


:03; 


:27. 


.1 


9 


PANIC 


-0 


.90 


it 





.05 


23.1 


NVSS 


,1212803 


-313912 


> 18 


.5 






























15 


IRIS2 


-1 


.12 


it 





.05 


38.3 


NVSS 


,7213238 


-335318 


19.8 ± 





,4 












21; 


:32; 


:38. 


,95 


-33: 


:53: 


:18, 


,9 


9 


PANIC 


-1 


.43 


it 





.05 


< 2 


NVSS 


J213434 


-302522 


16.8 ± 


0. 


,2 


16. 


,7 


zb 


0. 


,2 


21; 


:34: 


:34. 


,20 


-30: 


:25: 


:20, 


,6 


9 


PANIC 


-1 


.12 


it 


0. 


.05 


8.1 


NVSS 


J213637 


-340318 


19.7 ± 


0. 


.2 


19. 


.6 


± 


0. 


,3 


21: 


36: 


;37. 


,39 


-34; 


:03; 


:21, 


.1 


36 


PANIC 


-1 


.36 


± 


0. 


.05 


3.6 


NVSS 


J214114 


-332307 


19.1 ± 


0. 


.3 


19. 


.6 




0. 


,3 


21: 


;41: 


14. 


,04 


-33; 


:23; 


:09. 


.4 


15 


IRIS2 


-1 


.21 


± 


0. 


.04 


38.6 


NVSS 


J215009 


-341052 


19.6 ± 


0. 


.3 












21: 


50: 


09. 


,30 


-34; 


:10; 


:52. 


.4 


18 


PANIC 


-1 


.18 


± 


0. 


.06 


1.7 
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Table 2. X-band photometry results continued 



(1) (2) (3) (4) (5)^ (6) (7) (8) (9) 

Name A' (4" ap.) K (S" ap. ) R,A. J2QQQ ^"^^12000 ^ int ■ Origin of "^(S — point fit) LAS2368 

(mag) (mag) (h m s) (o ") time (min) K imaging (arcscc) 



NVSS 


J ZiDU4 t — 


343616 


17.4 i 0. 


1 


17 





i 





1 


21; 


50; 


47, 


38 


— 34 


;36 


; 17 


,5 


9 




— 1.00 


it 0. 


05 


23.4 


NVSS 


J215226- 


341606 


18.3 ± 0. 


3 


18, 


,0 


± 


0, 


,3 


21; 


;52; 


;26, 


74 


-34; 


;16; 


;06, 


,2 


15 


IRIS2 


-0.95 


± 0. 


,05 


21.4 


NVSS 


J215249- 


343402 


> 20.0 














21; 


52; 


;49, 


,47 


-34; 


:34; 


;02, 


,6 


9 


PANIC 


-1.46 


± 0. 


,05 


< 2 


NVSS 


191 ^4^^ 
J ^ LO^DD — 


ODOUUU 


17 7 i 




16 


tj 




Q 




21^ 


54 ■ 


a5. 


08 


30 


'30 


06 


g 


15 


IRIS2 


^ j^Y 


i 


04 


5 2 


NVSS 


T91 ^71 7 — 


313449 


> 20.2 






























18 


PANIC 


—0.36 


it 0. 


10^ 


9.7 


NVSS 


J220412— 


^631 90 


> 19.6 




17 


,6 







\ 


















15 


IRIS2 


— 1.18 


it 0. 


05 


20.7 


NVSS 


J221104— 


351829 


19.0 ± 0. 


2 


19 


1 


-j- 





,5 


22 


11 


05, 


04 


— 35 


:18 


:28 


.8 


9 


PANIC 


— 1.12 


it 0. 


05 


9.4 


NVSS 


J221542- 


361311 


18.6 ± 0. 


1 


19 


,1 


± 





,4 


22 


15; 


42 


98 


— 36 


:13 


:14 


.3 


9 


PANIC 


—0.82 


it 0. 


05 


12.2 


NVSS 


J221650- 


341008 


16.4 ± 0. 


3 


16 


,2 


± 





,3 


22; 


16; 


50, 


34 


— 34 


:10 


:06 


.1 


9 


PANIC 


— 1.04 


it 0. 


04 


29.5 


NVSS 


J221940- 


■350100 


18.5 ± 0. 


3 


18 


,1 


± 





.3 


22; 


19 


40, 


22 


— 35 


:01 


:02 


,1 


15 


IRIS2 


—0.94 


it 0. 


05 


4.1 


NVSS 


J223101— 


353227 


19.5 ± 0. 


2 


19 


.6 







.6 


22; 


31; 


01, 


72 


— 35 


:32 


:28 


.8 


9 


PANIC 


— 1.83 


it 0. 


05 


2.7 


NVSS 


J223111- 


371459 


17.6 ± 0. 


1 


17, 


,3 


± 


0, 


,1 


22; 


;31; 


11 


,09 


-37; 


:14; 


:59, 


.9 


9 


PANIC 


-1.01 


it 0. 


,05 


2.4 


NVSS 


J223305- 


365658 


16.6 ± 0. 


1 


16, 


,3 


± 


0, 


,1 


22; 


;33; 


;05, 


,08 


-36; 


:56; 


:58, 


.2 


9 


PANIC 


-0.90 


it 0. 


,04 


4.4 


NVSS 


J223953- 


344433 


19.6 ± 0. 


3 


19 


,4 


± 





.5 


22; 


39; 


53, 


99 


— 34; 


:44; 


:37, 


.2 


18 


PANIC 


— 1.20 


± 0. 


06 


25.1 


NVSS 


J225225- 


344144 


19.1 ± 0. 


3 


18 


,7 


± 





,4 


22; 


52; 


25, 


15 


— 34 


:41 


:43 


.6 


9 


PANIC 


—0.65 


it 0. 


10^ 


8.0 


NVSS 


J225719- 


343954* 


16.7 ± 0. 


1 


16 


,5 


± 





,1 


22; 


57; 


19, 


63 


— 34 


:39 


:54 


.6 




DB 


— 1 


.77" 




< 6 


NVSS 


J230004- 


304711 


17.4 ± 0. 


1 


17, 


,0 


± 





,1 


23 


00; 


04, 


31 


— 30; 


:47; 


:08, 


.7 


15 


IRIS2 


—0.80 


it 0. 


05 


15.3 


NVSS 


J230226- 


364744 


18.7 ± 0. 


2 


18 


,7 


± 





,2 


23 


02; 


26 


62 


— 36 


:47 


:45 


,7 


18 


PANIC 


—0.80 


it 0. 


12^ 


< 2 


NVSS 


J230527— 


360534'* 


> 21.2 






























99 


PANIC 


_ 1 


.39" 




^ 1 


NVSS 


J230846— 


■334810* 


17.0 ± 0. 


1 


16 


,6 







1 


23; 


08 


46, 


73 


— 33 


:48 


:12 


,4 




DB 


— 1.26 


it 0. 


IQJ 


29.8 


NVSS 


J231723- 


371934 


19.5 ± 0. 


2 


19, 


,8 


± 


0, 


,6 


23; 


17; 


;23, 


70 


-37; 


:19; 


:32, 


.1 


9 


PANIC 


-1.12 


it 0. 


,05 


16.4 


NVSS 


J231727- 


■352606'" 


> 20.7 






























9 


PANIC 


-1.28 


± 0. 


,05 


4.0 


NVSS 


J232007- 


302127 


> 19.0 






























6 


PANIC 


-1.26 


it 0. 


,04 


6.3 


NVSS 


J232058- 


365157' 


18.6 ± 0. 


2 


18, 


,7 


± 


0, 


,4 


23; 


;20; 


;58, 


,28 


-36; 


:51; 


:59, 


.7 




DB 


-0, 


.97" 




< 5 


NVSS 


J232125- 


375829 


17.9 ± 0. 


1 


17, 


,9 


± 


0, 


,1 


23; 


21; 


;25, 


55 


-37; 


:58; 


:30, 


.7 


15 


IRIS2 


-1.01 


it 0. 


,04 


< 2 


NVSS 


J233034- 


330009 


17.2 ± 0. 


3 


17, 


,1 


± 


0, 


,3 


23; 


;30; 


;34, 


,49 


-33; 


:00; 


:11 


.5" 


15 


IRIS2 


-1.18 


it 0. 


,05 


15.3 


NVSS 


J233226- 


363423 


17.9 ± 0. 


1 


18, 


,0 


± 


0, 


,1 


23; 


;32; 


;25, 


,96 


-36; 


:34; 


:24, 


.1 


9 


PANIC 


-1.06 


it 0. 


,05 


10.6 


NVSS 


J233535- 


343330 


18.9 ± 0. 


2 


18, 


.6 


± 


0, 


,2 


23; 


;35; 


;35, 


51 


-34; 


:33; 


:32, 


.4 


15 


IRIS2 


-1.08 


± 0. 


,04 


6.8 


NVSS 


J233627- 


324323 


18.5 ± 0. 


1 


18, 


.2 


± 


0, 


.2 


23; 


;36; 


;27, 


,09 


-32; 


:43; 


:21 


.8 


9 


PANIC 


-1.46 


± 0. 


,05 


< 2 


NVSS 


J233729- 


■355529" 


19.2 ± 0. 


3 


17, 


,9 


± 


0, 


,2 


23; 


;37; 


;29, 


76 


-35; 


:55; 


:29, 


.0 




DB 


-1.53 


it 0. 


,09^ 


7.4 


NVSS 


J234145- 


350624" 


16.9 ± 0. 


1 


16, 


.3 


± 


0, 


,1 


23; 


41; 


;45, 


,85 


-35; 


:06; 


:22, 


.2 




DB 


-1 


.ll'« 




< 5 


NVSS 


J234217- 


390810 


17.4 ± 0. 


1 


17, 


.3 


± 


0, 


,1 


23; 


42; 


18, 


,05 


-39; 


:08; 


:08, 


.0 


8 


PANIC 


-1.01 


it 0. 


,05 


29.2 


NVSS 


J234235- 


384526 


19.0 ± 0. 


1 


18, 


.8 


± 


0, 


,2 


23; 


42; 


;35, 


,04 


-38; 


:45; 


:25, 


.0 


9 


PANIC 


-1.36 


it 0. 


,05 


9.4 


NVSS 


J235148- 


385546 


19.1 ± 0. 


2 


19, 


,4 


± 


0, 


,5 


23; 


51; 


;48, 


,33 


-38; 


:55; 


:46, 


.9 


9 


PANIC 


-1 


.19^^ 




6.8 


NVSS 


J235638- 


390923 


18.8 ± 0. 


1 


18, 


,9 


± 


0, 


,3 


23; 


;56; 


;38, 


,66 


-39; 


:09; 


:25, 


.0 


9 


PANIC 


-1.05 


it 0. 


,05 


19.6 


NVSS 


J235702- 


372108 


19.2 ± 0. 


2 


18, 


,3 


± 


0, 


,2 


23; 


57; 


;02, 


,34 


-37; 


:21 


:11 


.8 


9 


PANIC 


-1.10 


it 0. 


,05 


5.7 


NVSS 


J235754- 


390134 


18.8 ± 0. 


1 


18, 


,8 


± 


0, 


,3 


23; 


57; 


;54, 


51 


-39; 


:01; 


:36, 


.2 


9 


PANIC 


-1.41 


it 0. 


,04 


< 2 


NVSS 


J235945- 


330354 


19.1 ± 0. 


2 


18, 


,4 


± 


0, 


,2 


23; 


;59; 


;45, 


,45 


-33; 


:03; 


:56, 


.8 


15 


IRIS2 


-1.35 


it 0. 


,05 


2.5 



" Two NVSS sources have been shown to be the components of a single radio source 
^ SuperCOSMOS optical position 
^ 2MASS position 

Obscured by an Mstar (see lPaper II J ) 
^ 2MASS K magnitude in 8-arcsec aperture 

f Fitted spectral index at 1400 MHz for sou rces with spectra that flatten at higher frequencies. 
9 Spectral indices from lKlamer et alj ll2006h 

These sources were observed by iDe Breuck et aL I ||2004 l2006f) in the SUMSS-NVSS sample with no detection in i^-band. We 
have reobserved them and improved the magnitude limit for NVSS J230527— 360534. 

* These sources were also part of the SUMSS-NVSS sample llDe Breuck et al.ll2004 l2006t) . and therefore were not reobserved in 
K-hand. The X-band magnitudes and positions given are from iDe'^reuclT'end! I ||2004|). 

j ctgla*^ where as—point was not available from lPaper j For the sources from lDe Breuck et alJ l l2004h . the spectral index has been 
recalculated using updated SUMSS flux measurements from the latest release. 
^ Position of the object discussed in Section l3.2l which may be a star. 



poor weather conditions. 

(3) The two-point observed- frame spectral index alloQ. 

(4) The seven-point observed-frame spectral index based on 
a linear fit to the 408. 843, 1384, 1400 and 2368 MHz flux 
densities from IPaper j . as well as the 4800- and 864Q-MHz 
data points. For those sources that have curved spectra 
that flatten (f) at high frequency, we use a quadratic fit to 
all seven data points to derive the observed-frame spectral 
index at 1400 MHz. 



(5) The largest angular size (LAS). For single-component 
resolved sources, this is the deconvolved major axis of the 
elliptical Gaussian used to fit the source. For unresolved 
sources, we estimate a LAS upper limit of 1 arcsec. For 
multi-component sources, the LAS is the angular separa- 
tion of the most widely-sep arated c omponents. The LAS 
measured at 2368 MHz (see IPaper j and Table [2]) slightly 
underestimated the size of NVSS J1524354-352623 which 
has a LAS= 2.1 arcsec, while NVSS J111921-363139 is 



Distant radio galaxies in the Southern hemisphere - II. 15 



found to be a 5.4-arcsec asymmetric double at higher 
resolution. Another case where we find an increase in the 
LAS for a compact source is NVSS J005509-361736; in 
Fig. [Ol this source is shown to be a very asymmetric 
d ouble, wi th a LAS of 6.7arcsec (as opposed to 2.8 arcsec 
m iPaper J) . 

(6) The deconvolved position angle (PA) of the radio 
structure, measured from the north to the east. For multi- 
component sources, this is the orientation of the most 
widely-separated components used to calculate the LAS. 

Note that in columns (5) and (6), we use the 8640 MHz 
images unless source components are resolved out at this 
frequency, in which case we use the 4800-MHz images. 

Some of the sources which had uncertain identifica- 
tions, and were observed with higher resolution at 4800 and 
8640 MHz are shown in Fig. |3] and discussed further in Sec- 
tional Overlay plots of the remaining 4800- and 8640-MHz 
observations are given in the Appendix fFig. I A- 2)) . 

3.2 Notes on individual sources 

In Section 14.21 and Fig. [6] we look in detail at where the 
identification of a double-lobed radio source is statistically 
expected to be found. We have used that analysis in the 
following source notes. 

NVSS J011415-373209: There are two objects which lie 
close to the axis joining the lobes, and closer to the fainter 
lobe than to the brighter. They have K-hand magnitudes 
of 18.1 and 19.1. We have assumed the identification is the 
fainter object as it aligns with the axis of the lobes in the 
8640-MHz image in Fig. |3l The fainter object is also closer 
to the NVSS centroid and the midpoint of the lobes than 
the brighter object and is therefore statistically more likely 
to be the identification (see Section [4. 2[) . 
NVSS J021759-301512: Several faint galaxies lie near 
the radio position. A uniform-weighted image separates 
the lobes, showing that the assumed identification is only 
0.3 arcsec from the midpoint of the lobes, 1.3 arcsec south- 
east of the NVSS centroid and 0.2 arcsec from the radio axis. 
NVSS J022825-302005: In the 2368-MHz image in 
Fig. d the distances of the identification from the midpoint 
(4.7 arcsec) and radio lobe axis (2.2 arcsec) are large com- 
pared to the distributions in Fig. |6] In Fig. [3] however, the 
8640 MHz image shows the brighter object coincident with 
the radio core and confirms it as the identification. 
NVSS J030037-310337: The radio structure is a wide 
separation triple source. There is a K-hand counterpart co- 
incident with the central radio component. 
NVSS J031902-322319: The assumed A'-band identifi- 
cation is very faint and diffuse, and is offset 2.7 arcsec from 
the centroid. While this offset is significant for a compact 
source, the uniform-weighted image is elongated slightly to- 
wards the identification. Assuming the identification is cor- 
rect, we would expect the source to resolve into a double at 
higher resolution. 

NVSS J103615-321659: The chosen identification is 
3 arcsec from the NVSS centroid and the 2368-MHz image 
in Fig. [2] shows faint extension to the north-east. Therefore 
we expect this to be a double source with one very faint 
lobe. We also imaged this source at 4800 and 8640 MHz but 
found that any faint lobe was resolved out at these frequen- 



cies. Based on Fig. [S] a 3-arcsec offset is only 0.24a from 
the mean of the distances from the NVSS centroid for the 
sample. 

NVSS J103626-375819: The identification lies between 
the lobes and there is a fainter Jf-band object coincident 
with the stronger lobe. We assume that the object between 
the lobes is the counterpart since it is only 0.7 arcsec from 
the midpoint of the lobes and lies directly on the radio axis. 
The source would have been misidentified with this fainter 
object based on the 1384-MHz image alone, as the double 
structure was not apparent. 

NVSS J104549-383853: There are two isT-band objects 
between the lobes, on opposite sides of the radio axis. The 
brighter object is only 0.4 arcsec from the NVSS centroid, 
1.4 arcsec from the midpoint of the lobes and 0.8 arcsec off 
the radio axis. Based on its better alignment with the high- 
resolution radio contours in Fig. [3] we select this brighter 
source as the identification. 

NVSS J111921-363139: The overlay plot in Fig.[3]shows 
a broad extension of the A'-band emission along the radio 
axis in both directions. This is discussed further in Sec- 
tion g^] 

NVSS J130929-390222: In Figs. [5] and the central 
component of this triple radio structure is coincident with a 
small cluster of four A-band features. The K magnitude was 
measured by centering on the four objects, all of which lie 
within the 4-arcsec-diameter aperture. The position listed in 
Table[2]is the fitted centroid of these four possibly associated 
objects. 

NVSS J140223-363539: We believe the identification is 
the galaxy which is offset 2 arcsec south-west of the 2368- 
MHz peak in the direction that the 8640-MHz contours (see 
Fig. [Sj ar e extende d. A spectrum of this object will be pre- 
sented in iPaper Hit 

NVSS J140854-382731: Two A-band objects separated 
by 1 arcsec fall near the peak of the radio emission. The 
4800-MHz image in Fig. |3] favours the brighter object as the 
identification. 

NVSS J142312-382724: The assumed identification is a 
diffuse, possibly multiple, K — 18.8 galaxy directly along 
the axis between the lobes, closer to the fainter lobe and 
4.3 arcsec from the midpoint. This is one of two radio galax- 
ies that are outliers in Fig. El^a), each with possible iden- 
tifications that are > 2.8a from the mean of the distances 
from the NVSS centroid to the K identification. In this case, 
in addition to the claimed identification there is another 
very faint diffuse object along the axis between the lobes at 
14''23™12.2" -38°27™26.8" (J2000), which is only 2.2 arcsec 
from the NVSS centroid, and 0.27 arcsec from the midpoint 
of the lobes. It is therefore closer to the midpoint position 
expected for the identification. The fainter object is too faint 
to measure {K > 20) and we have therefore tentatively listed 
the brighter object as the identification. 
NVSS J142320-365027: The 8640-MHz image of this 
source in Fig. [3] reveals a core, confirming the identifica- 
tion. A jet extends towards the southern lobe and backfiow 
is seen in the northern lobe, offset from the radio axis. 
NVSS J144932-385657: The 4800-MHz image in Fig. [3] 
shows that the identification lies only 0.8 arcsec from the axis 
of the double source, and 0.4 arcsec from the NVSS centroid. 
Moreover, there are two faint K-hand objects aligned with 
the north-east jet which are discussed further in Section r4.3l 
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Table 3. 4800- and 8640-MHz ATCA radio properties. The entries are explained in Section [XT] 





Source 




■54800 
(mJy) 


•58640 
(mJy) 




rv8640 
"4800 


a 

(7-point fit) 


LAS 
(arcsec) 


PA 

(°) 




(1) 




(2) 




(3) 


(4) 


(5) 


(6) 


NVSS 


Toni 91 '^- 

J KJK) 1-^ LO — 


374113 


10.5 ± 0.4 


4.5 ± 0.4 




_|_ n 1 fi 


_i -1- n 09 

±.00 ^ U.U.Z 


1.1 


52 


NVSS 


O xJKJ tJ'-tXJ £j 


3fi1 Q2Q 


31. 4± 1.1 


14.0 ± 1.3 




37 d= 0.17 


— 1 9'^ H- n 09 


1.9 


11 


NVSS 


700^1 '^nQ— 
J uuouuy — 


o\j± t ou 


50.3 ± 1.8 


19.5 ± 1.8 




61 di 0.17 




6.7 


—68 


NVSS 






28.0 ± 1.1 


11.1 ± 1.3 




c;q _|_ n 91 


_i 94. _|_ n no 


27.3 


— 71 


NVSS 






24.2 ± 1.1 


10.8 ± 1.4 




Q7 _|_ n 9^ 
O I ^ u. zo 


_i OS 4- 0*^ 


23 8 


—86 


NVSS 


T1 ni nns— 




33.3 ± 1.2 


15.4 ± 1.5 




31 di 0.18 


_i OQ 4- 09 


11 6 


—48 


V Do 


T1 iT^fil ^ 




10.6 ± 0.4 


4.0 ± 0.4 


_ Y 


fifi -1- n IS 


1 -U n 09 


10 4^ 


1 7 


NVSS 




oooooo 


36.9 ± 1.5 


19.7 ± 2.2 




07 _|_ A on 


_n on _|_ n no 
— u.yu ^ U.U.Z 


20.1 


—66 


V Do 


T1 (T^QI 7 


ououoo 


15.3 ± 0.6 


8.2 ± 0.8 


_ Y 




1 1 -U n 09 


1 n 

J-.U 


97 


NVSS 


J111921— 




92.4 ± 3.2 


33.2 ± 3.0 


__]^ 


74 di 0.16 


_i 49 _|_ n 09 


5.4 


— 26 


NVSS 


T1 1 9R41 — 




16.3 ± 0.6 


6.6 ± 0.6 




54 di 0.17 


_i 4- n 09 


1.1 


—42 


NVSS 


T1 1 fiS9Q— 


374410 


22.2 ± 0.8 


9.3 ± 0.9 




A Q _|_ n 1 S 

'-to ^ U. -LO 


_i Q9 _|_ n 09 

— ±.O.Z ^ U.U.Z 


1.0 


4 


NVSS 


T1 '^nQ9Q— 


•^00999 


43.9 ± 1.6 


22.5 ± 2.0 




14 di 0.16 


_i 0'^ 4- 09 


21 6 


33 


NVSS 


T1 4099'^ — 




10.1 ± 0.5 


4.3 ± 0.5 




45 di 0.21 


_i Q9 -U 0*^ 


3.2 


—48 


NVSS 


71 408^4- 


'^897'^1 


20.1 ± 1.0 


6.4 ± 0.7 




Qc; H- 90 

c><J _1_ U . ijU 


_i 'in + 0*^ 
j-.ou _i_ u.uo 


5.6 


55 


NVSS 


T1 49*^90 — 


'^f^'^n97 

OUOUZ ( 


61.7± 2.3 


30.0 ± 3.4 




QQ _|_ n 90 
zo ^ u. zu 


__n Qfi 4- (1 09 
u.yu ^ U.U.Z 


25.6 


22 


NVSS 


J144206- 


345115 


15.5 ±0.6 


9.6 ± 0.9 


-0 


82 ±0.17 


-0.93 ± 0.02 


0.9 


1 


NVSS 


J144932- 


385657 


21.5 ±0.8 


11. 8± 1.1 


-1 


02 ±0.17 




6.8 


48 


NVSS 


J151020- 


352803 


9.5 ±0.4 


6.0 ± 0.6 


-0 


78 ±0.18 


-1.27 ±0.02 


3.6 


-75 


NVSS 


J152435- 


352623 


24.4 ± 0.9 


15.0 ± 1.4 


-0 


82 ±0.17 


-1.12 (f) 


2.1 





NVSS 


J152445- 


373200 


20.1 ± 0.8 


11. 2± 1.2 


-0 


99 ±0.20 


-1.01 ± 0.02 


11.2 


10 


NVSS 


J204601- 


335656 


15.3 ±0.6 


10.5 ± 2.1 


-0 


64 ± 0.35 


-1.11 ± 0.03 


1.6 


-6 


NVSS 


J210814- 


350823 


32.1 ± 1.2 


18.8 ± 3.8 


-0 


91 ±0.35 


-1.07 ±0.02 


5.9 


15 


NVSS 


J213238- 


335318 


12.1 ± 0.5 


7.5± 1.5 


-0 


81 ± 0.35 


-1.42 ± 0.03 


1.7 


-75 


NVSS 


J213637- 


340318 


15.7 ± 0.6 


8.9± 1.8 


-0 


97 ± 0.35 


-1.28 ± 0.03 


3.2 


-41 


NVSS 


J215249- 


343402 


10.6 ±0.4 


6.5± 1.3 


-0 


83 ±0.35 


-1.41 ± 0.03 


< 1 




NVSS 


J232125- 


375829 


43.8 ± 1.5 


29.1 ± 2.6 


-0 


69 ±0.16 


-0.93 (f) 


< 1 




NVSS 


J233034- 


330009 


16.6 ±0.7 


6.8 ± 0.6 


-1 


52 ±0.16 


-1.24 ±0.03 


15.3 


-83 


NVSS 


J234217- 


390810 


23.5 ± 1.0 


13.0 ± 1.6 


-1 


01 ± 0.22 


-0.93 ± 0.03 


33.0 


-71 



" LAS obtained from 2368 MHz image; see Table |2] 

NVSS J151020-352803: At 4800 MHz (Fig. E]) the ra- 
dio morphology resolves into a double source. The A"-band 
emission is extended along the radio axis (see Section [4.311 . 
NVSS J152445-373200: Two objects lie near the centre 
of the radio structure at 2368 MHz, one compact and one 
diffuse. The higher-resolution image in Fig. |3] was required 
to confirm that the correct identification is not the diffuse 
galaxy ~ 1.5 arcsec south-east of the core. Despite the stellar 
appearance of the identification, a colour image generated 
from deep J— and if -band images reveals this object to be 
red like other galaxies in the field. 

NVSS J213238-335318: The proposed identification is 
offset by 0.9 arcsec from the NVSS centroid but the ra- 
dio source appears to be an incipient double at 8640 MHz 
(Fig.©. 

NVSS 213434-302522: The identification is 2 arcsec east 
of the peak in the 2368-MHz image. The elongated radio 
morphology suggests that the source would resolve into a 
double at higher resolution. 

NVSS 215047-343616: The JC-band image in Fig. H 
shows a faint extension ~ 4-arcsec long, aligned with the 
radio jet axis, and directed towards the brighter NE lobe. 
This alignment is discussed further in Section [4.31 
NVSS J220412-363120: Blank field. A K ^ 18.1 ± 
0.1 galaxy lies at 22''04'"12.01' -36°31'"16.0= (J2000), 



til 

n 




.'l' <j"'IH.U^ 47.5'^ 47 0^ 46.5^ 

Righl Ascension (J2000) 



Figure 4. 2368-MHz ATCA contours of J215047- 343616 over- 
laid on the PANIC /C-band image as in Fig.[2]showing the central 
region where the /S'-band emission is extended along the jet axis. 
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6.5 arcsec west of the midpoint of the double-lobed radio 
structure and 7.4 arcsec from the NVSS centroid. These are 
3.3a and 2.7a respectively from the mean values in Fig. |6l 
The A"-band galaxy itself is > 4.4-arcsec in extent and it 
contributes to the 8-arcsec-aperture magnitude in Table (2] 
The accuracy of the astrometry on the IRIS2 and radio im- 
ages is ±0.3 arcsec and < 1 arcsec respectively. While we 
have treated the radio source as having no A'-band identifi- 
cation, it is nevertheless possible that this very misaligned 
galaxy may be associated. 

NVSS J221650-341008: The bright diffuse object 
marked in Fig.[2]is 1.0 arcsec from the midpoint of the lobes, 
and 0.6 arcsec from the radio axis and is therefore the as- 
sumed identification. The fainter object to the north is only 
3 arcsec away and contaminates the 8-arcsec-aperture mag- 
nitude. 

NVSS J233034-330009: On the basis of our original 13- 
and 20-cm images, we initially chose the identification to be 
the bright K-hand object between the lobes and close to 
the brightest lobe. However, the higher-resolution image in 
Fig. 13] has revealed a weak core which is coincident with a 
faint peak in the if-band image with K > 19. 
NVSS J234217-390810: The high-resolution 4800-MHz 
image in Fig. [3] was required to identify a core coincident 
with sl K = 17.4 ± 0.1 galaxy. Both lobes show backfiow 
towards the core. 

3.2.1 Interlopers in the sample 

While our selection method is necessary to extract the best 
high-redshift candidates from large radio catalogues, there 
will unfortuna tely alw ays be interlopers that contaminate 
the sample. In iPaper j we already identified several sources 
which were excluded from our sample. Here we discuss an- 
other three sources that have been excluded. 

Each of the sources below and in Fig[S]are in the NVSS 
catalogu e and were listed in our MRCR-SUMSS sample in 
IPaper j . However, they have each turned out to be individual 
lobes of a giant double or triple source. Our selection process 
is designed to eliminate catalogue sources which are actually 
a single lobe of a large double or triple, by removing sources 
which have another source within 100 arcsec. Then every 
source was examined with the NVSS contours overlaid on 
a 6-arcmin field from SuperCOSMOS. At this stage there 
were several sources eliminated as they clearly had a second 
lobe within 3 arcmin. Several other sources had an elongated 
morphology characteristic of a lobe, and a second lobe was 
then identified in a larger image. These steps are, in general 
sufficient to remove most sources which are lobes of a double. 
NVSS J205410-393530: This is the lobe of an 8.60- 
arcmin source which has a core, lobes and hotspots 
along the jets. There is a K-hand object at 20''54™ 10.67' 
-39°35™34.0' (J2000) that appeared to ahgn with the ra- 
dio source, and the magnitude of this object was mea- 
sured with PANIC to be 19.5 ± 0.4. Once we discovered 
NVSS J205410~393530 is in fact a lobe, the core of the giant 
source was found to have an identification at 20*^53^59. 07^^ 
-39°30™18.1' (J2000) with a 2MASS if-band magnitude 
of 13.58 ± 0.05. A spectrum has identified this object to 
he a. z = 0.167 QSO, with a linear size of 1.46 Mpc and 
a 1.4-GHz luminosity of 1.2 x lO^'^WHz-V The new to- 
tal flux densities at 843 and 1400 MHz are 232 ± 7 and 



160 ± 4mJy respectively, including all the source compo- 
nents, giving Qi|§° = -0.73 ± 0.08. 

NVSS J212553-311043: The source listed in IPaper j 
has turned out to be the southern lobe of a triple with a 
largest angular size of 3.9 arcmin. The identification is at 
2l''25™53.72= -31°08'"58.9' (J2000) and has magnitudes of 
K = 14.6 ± 0.1 (2MASS), Bj = 18.7 and R = 17.9 (Super- 
COSMOS). The total flux densities at 843 and 1400 MHz 
are 106 ± 6 and 91 ± 3mJy respectively, resulting in a flat 
spectral index of —0.30 ± 0.13. 

NVSS J233238-323537: This source was missed as a 
lobe of a double because, flrstly, the lobes are separated 
by 4.15 arcmin and, secondly, because the source from the 
NVSS catalogue appears to be compact and round with no 
extension. Once it was imaged in A'-band with no identifica- 
tion, and the ATCA images displayed low-surface-brightness 
characteristic of backfiow emission, it was clear that we were 
seeing one lobe of a wide-separation double. The total NVSS 
and SUMSS flux densities are 114±3 and 160±4 mjy respec- 
tively, giving alif = -0.67 ± 0.07. There is a bright object 
along the radio lobe axis at 23''32"'30.57= -32°33™35.77' 
(J2000), which is an M star, and the radio galaxy host has 
not been identified. 



3.2.2 A misidentification 

In iPaper j we suggested that the double-lobed source, 
NVSS J101215-394939 had an identification in SuperCOS- 
MOS. While the listed identification is along the radio lobe 
axis, that object has since been shown to have a stellar spec- 
trum and, therefore, is not the correct counterpart. This 
source will require _ft'-band imaging to find the correct iden- 
tification. 



4 DISCUSSION 

4.1 Spectral energy distributions 

In lPaper"^ . we fltted the spectral energy distributions (SEDs) 
from 408 to 2368 MHz. We have now redone these fits with 
the addition of the new 4800- and 8640-MHz data. Of the 
29 sources in Table [31 25 (86 per cent) can be fitted with 
a single power law between 408 and 8640 MHz in the ob- 
served frame. Two sources are found to flatten at higher 
frequencies, which may indicate an increased contribution 
from a core and/or hotspots. The remaining two sources 
(NVSS J005509-361736 and NVSS J144932-385657) can 
not be fitt ed with a linear or a quadratic function, as was 

the case in lPaper"^ between 408 and 2 368 MHz. 

Our results are consistent with iKlamer et al.l (|2006l ) 
who found 89 per cent of the 37 SUMSS-NVSS sources were 
well characterized by a single power law, while the remainder 
flattened at h i gher f requencies. This is despite the fact that 
iKlamer et al.l (|2006l ) used matched-resolution ATCA obser- 
vations between 2 368 and 18 496 MHz, while our ATCA ob- 
servations both in lPaper"^ and this paper were all made with 
a 6 km array configuration. Thus, while some source compo- 
nents are clearly resolved out at high frequency (see Figs. [3] 
and IA-2|) , the effect is not significant enough to alter the 
shapes of the SEDs. 
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Figure 5. Smoothed SuperCOSMOS UKR images are overlaid witli the 1384-MHz (left image) and 2368-MHz (right image) ATCA 
contours for two of the sources found to be interlopers in the sample. The lowest contour is 3 sigma, and the contours are a geometric 
progression in \/2- The rms noise (tr) is shown in the header of each image in mjy beam~^. The ATCA synthesized beam is shown in the 
bottom right-hand corner of each panel. Left: NVSS J205410— 393530 was similarly found to be one component of the south-east lobe of 
this giant source which has a core, lob es and m ultiple hotspots. The identification is a ^ = 0.167 QSO, marked by the cross-hairs. Right: 
The source NVSS J233238— 323537 in iPaper j had been found to be the south-east lobe of this giant double source. The north-west lobe 
is listed in NVSS as a separate source, NVSS J233226— 323232. The south east lobe is compact and round in the NVSS image, but the 
ATCA image reveals low-surface-brightness emission extended towards the other lobe. The marked object is a star and the host galaxy 
has not been identified. 



4.2 Identification of the host galaxies 

The environments around HzRGs are likely to be denser 
and more disturbed than around nearby radio galaxies (e.g. 
Carilli et all 1 19971 : iPentericci et all I2001I : iRottgering et al.l 
20031 ). Therefore the expected position of the optical coun- 
terparts relative to the radio emission may not obey the 
same rules as found in low- redshift samples such as 3C 
l|Laing. Riley fc Longaiilll983l) and the Molon glo Southern 
4Jv sample fMS4: iBurgess fc Hunsteadll2006h . In previous 
HzRG studies, the process of identifying the hosts of USS 
radio galaxies from A"-band images has been typically based 
only on which K object aligns best, by eye, with the ra- 
dio contours. In order to quantify this process statistically, 
we have measured the location of the identified host galaxy 
relative to the features of the radio emission for the double 
sources in our sample. This information has then been used 
to assess the reliability of identifications for which there are 
several nearby K-h&nd candidates or where the potential 
identification is offset from its expected location; for exam- 
ple, one may tend to look for an identification closer to the 
brighter radio lobe. Our aim was to assess how far a poten- 
tial identification could be displaced from the radio features, 
and still be considered statistically likely to be the identifi- 
cation. 

The most difficult decisions arise in complex double 
structures rather than compact sources in which the cen- 
troid is well defined. In order to get a statistical picture of 
the locations of potential identifications, angular separations 
were measured from the identification to several features of 
the radio structure for all of the double sources in our sam- 
ple. The first of these features is the radio centroid; since our 
sample consists mostly of sources ^ 1 arcmin in size, NVSS 
is expected to record an accurate 1.4-GHz centroid position. 



Next we found the angular distances from the identification 
to the midpoint of the lobes , and the 'midway point' de- 
fined by iBurgess fc HunsteadI l|2006l ) to be halfway between 
the midpoint and the centroid. Lastly, the perpendicular dis- 
tance of the identification from the axis joining the lobes was 
measured. The resulting distributions of these distances are 
shown in Fig.|6l with the accompanying statistics in Table U 

In Table |4l the median, mean and standard deviations 
are given for the distributions of distances to identifications 
in our sample. The midpoint has the lowest median and 
mean, indicating that it is statistically a more likely place 
to find the identific ation compared t o the midway point or 
centroid. Burgess fc HunsteadI (|2006l ) found the most likely 
position for the optical identification for the MS4 was the 
'midway point', based on a smaller median and mean dis- 
tance. The difference between both the means and standard 
deviations for the 'midway point' and the midpoint in our 
sample is negligible. It is interesting that the centroid po- 
sition is the least likely of the three locations to find the 
optical counterpart, suggesting that low-surface-brightness 
emission is less important in finding the correct identifica- 
tion. 66 per cent of optical counterparts lie within 2arcsec 
of the midpoint of the lobes, while only 48 per cent are as 
close as this to the centroid. 

The statistics for the normalised angular distances to 
the brighter and fainter lobes are indistinguishable. There- 
fore, it cannot be assumed that the identification would lie 
closer to the brighter lobe. Furthermore, Fig. Oe) confirms 
that while the optical counterpart is most likely to lie close 
to the midpoint of the lobes, the tail of the distribution is 
not biased towards either lobe. We used this information 
extensively in Section [3]2] in order to resolve uncertain iden- 
tifications. 
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Figure 6. Histograms of the angular distances from the proposed ii'-band identification to (a) the NVSS centroid, (b) the midpoint 
of the lobes, and (c) the 'midway point' (half way between the centroid and the midpoint), (d) Distance between the lobes versus the 
perpendicular distance of the identification from the axis joining the lobes, for the double sources in our sample, (e) Histogram of the ratio 
of the distance to the brighter lobe to the distance to the fainter lobe, (f) Histogram of the perpendicular distance of the identification 
from the axis of the lobes. 



There are two clear outliers in the NVSS cen- 
troid histogram (Fig. [6ja)) with distances to the cen- 
troid more than 2.7a from the mean. The first, 
NVSS J142312-382724 was discussed in Section E3] The 
second is NVSS J024811-335106 which is a 33.2-arcsec dou- 
ble. The lobes are uneven in strength and both show back- 
flow (see Fig. [5} ; the NVSS centroid lies on the radio axis 
but much closer to the brighter lobe than the midpoint. 
The identification is only 2.0 arcsec from the midpoint of 
the lobes and is 0.6 arcsec from the radio lobe axis. We are 
very confident of the identification. 

In Fig.|6l[f), 79 per cent of the double sources have iden- 
tifications within 1 arcsec of the axis joining the lobes. All of 
the sources in Fig. |6jd) that are more than 0.7 arcsec from 
the radio axis have lobe separations > 14 arcsec, and the 



median distance from the radio axis for lobe separations of 
> 14 arcsec is 0.81 arcsec compared to 0.45 arcsec for those 
with lobe separations < 14 arcsec. This indicates that the 
larger sources are more likely to have complex morphologies 
which can affect the measurements of lobe positions. 

4.3 Alignment effect 

The nature of the link between the presence of a super- 
massive black hole and the evolution of its massive ellip- 
tical galaxy host remains uncertain. However, a relation- 
ship among the AGN, radio jets and the host galaxy has 
been inferred from the 'alignment effect' in which the posi- 
tion angle of the major axis of an elliptical host galaxy has 
been found to align with the radio jet axis (jMcCarthv et al.] 
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Table 4. Mean, median and standard deviation for the distribu- 
tions of distances from the if-band identification to the three ra- 
dio positions - NVSS centroid, lobe midpoint and 'midway point' 
— in Fig. [6l given in arcsec. The values for the distances to the 
brighter and fainter lobes have been normalised to the lobe sep- 
aration. 



Radio position 


Mean (") 


Median (") 


fj 


NVSS centroid 


2.6 


2.4 


1.8 


Midpoint 


1.9 


1.4 


1.4 


'Midway point' 


1.9 


1.6 


1.3 


Radio position 


Normalised 


fj 




Mean 


Median 




Brighter lobe 


0.49 


0.50 


0.12 


Fainter lobe 


0.51 


0.51 


0.13 



Il987l : IChambers. Milev fc van Breueell Il987l ). Alignments 
are also seen in n ear-infrared USS-selected HzRG samples 
l|De Breuck et all[2002 ). and in high resolution HST images 
of H zRGs in the optical (e.g. iBest. Longair fc Rottgerine " 



19961) and near-infra r ed ( e.g. iPentericci et al.l 



Zirm. Dickinson fc Devi 12003 ). In contrast Bales et al.l 
1 19971 1 found no significant alignments in the B2/6C sample, 



but their sample was small and their near-infrared images 
were not as deep as those above. 

At low redshift, near-infrared wavebands sample the 
evolved stellar population which is unlikely to be affected 
by the radio jets. At high redshift (z > 2.5), however, the 
observed near-infrared is dominated by young stars that 
may result from the radio jet impacting the dense inter- 
stellar and intergalactic medium surrounding the active nu- 
cleus. In the early universe, gas densities in forming galaxies 
and protoclusters were much higher than in the nearby uni- 
verse and shocks associated with the radio jets are more 
likely to have triggered star formation along their pat h 
llBicknell et a l."2Q00VKlam er et al.ll2004l : ICroft et al.ll2006l ). 
Ivan Breugel et al. (1998 ) found a strong evolution with red- 
shift in the near-infrared alignments of radio host galaxies, 
with smoother, less elongated host galaxy morpholog ies oc- 
curring at z < 3. In contrast, IPentericci et al.l (|200ll ) found 
no difference between radio-infrared alignments i n z < 3 and 
z > 3 galaxies. The absence of alignments in the lEales et al.l 
|l993) B2/6C sample, and their clea r presence in the 3C 
sample (iDunlop fc Peacocking ). led lEales etHI ([l993) to 
argue that alig nments occur only i n the most luminous radio 
sources. While iDe Breuck eTaLl ll2002h disa gree with that 
interpretation, we will consider in iPaperllj the luminosity 
dependence of alignments for those sources with measured 
redshifts. 

We now present an analysis of radio-infrared align- 
ments for the MRCR-SUMSS sample. While such an analy- 
sis would ideally be done at the highest possible spatial reso- 
lution, the number of HzRGs that can be studied with HST 
is small. The statistical advantage of investigating align- 
ments in the MRCR-SUMSS sample is the large sample 
size. Position angles of the host galaxy were measured on 
the smoothed K-hanA images by fitting ellipsoidal profiles 
using the iraf/stsdas task ellipse and taking the major 
axis as the position angle of the host. The position angle. 



ellipticity and centre of the ellipse were allowed to vary, and 
ellipses were fitted as a function of radius. We typically found 
that a central ellipse could be fitted with a defined position 
angle, but as the radius increased there were one or two sud- 
den steps in the position angle. In these cases, we took the 
outermost radius at which an ellipse could be fitted with 
a stable ellipticity and position angle. For some images the 
position angle was constantly changing with radius and no 
stable ellipse could be fitted. The galaxies that could not be 
fitted included those with low A"-band signal-to-noise ratio, 
and those with clumpy, circular or disturbed morphologies. 

Of the 152 sources with PANIC or IRIS2 K-h&ad imag- 
ing, we fitted position angles to 131 AT-band images, of which 
nine did not have a well defined radio axis. For the remain- 
ing 122 sources we measured the offset between K-hrnid and 
radio position angles. Fig. [7] shows the distribution of dif- 
ferences between the position angle of the radio axis and 
the major axis of the fitted K-haxiA ellipsoid. While some 
samples in the lite rature show alignments over angles from 
0-30 degrees (e.g. iDe Breuck et all l2002h we find a more 
uniform distribution of offset angles, with a small excess of 
alignments within 10 degrees. This excess suggests that the 
process causing the alignment of the outermost isophotes of 
the host galaxy is tightly collimated along the radio jet axis, 
as might be expected for jet-induced star formation. Alter- 
natively, the small alignment angles could be the result of 
radio jets having broken through gas clouds along their path, 
leaving an increased surface ar ea of cooled gas for scattering 
light from the active nucleus (iBremer. Fabian fc Crawford 
[l997). 

The sources in our sample with LAS > 5 arcsec have the 
same percentage (21 per cent) aligned within ten degrees as 
in th e complete sample. Th is is in contrast to other papers 
(e.g. iDe Breuck et al.l I2OO2I ) where the larger sources have 
been found to be more strongly aligned. To test whether the 
ellipsoidal fitting may have missed faint emission with low 
signal-to-noise, we rotated all the smoothed K-haxiA images 
to align with the radio position angles. The images were 
then co-added after careful scaling by the background level 
and the galaxy peak brightness. The result showed no el- 
lipticity, confirming that alignments are not present in the 
bulk of our sample. As most of the sources in our sample 
are at z < 3, this result is consisten t with the ground-based 
sample of van Breugel et all (figgs') but in stark contrast to 
IPentericci et al.l (I2OOII ) who found a predominance of aligned 
features in their near-infrared HST images. We attribute this 
difference to the different surface brightness sensitivities and 
resolutions of HST and ground-based images. 

Nine galaxies in our sample (listed in Table [5} show K- 
band emission extending beyond the host galaxy ellipsoid. 
In these cases the overall position angle was estimated by 
eye, and the distribution of offsets from the radio axis is 
shown in Fig. [7| Four of the nine have position angles within 
10 degrees of the radio position angle, and seven are within 
30 degrees. The origin of these alignments could again be the 
result of jet-induced star formation or scattered nuclear light 
along the path of the radio jets. The misaligned cases may 
be due to changes in jet direction, or the chance projection 
of other objects close to the line of sight to the host galaxy. 

NVSS J111921-363139 (see Fig. ^ has extended K- 
band emission which can not be fitted by an ellipsoid, with 
broad patches of emission lined up along the radio axis. This 
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Table 5. Position angle offsets between the radio axis and, firstly, the extended _R'-band emission (iSPAoxt) and, secondly, the major axis 
of the host ellipsoid (i5PAeiiipse) for the galaxies that have extended ii'-band structure extending beyond the host galaxy ellipsoid. 



Object 




5PAoxt 
(degrees) 


'^PAellipse 

(degrees) 


NVSS J004000- 


-303333 


19 


42 


NVSS J004030- 


-304753 


22 


34 


NVSS J021208- 


-343111 


34 


0.8 


NVSS J140010- 


-374240 


62 


59 


NVSS J144932- 


-385657 


8 


31 


NVSS J151020- 


-352803 


5 


15 


NVSS J215047- 


-343616 


9 


0.5 


NVSS J221650- 


-341008 


23 


30 


NVSS J234235- 


-384526 
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15 
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Figure 7. Distribution of differences between the radio axis po- 
sition angle and the major axis of the i^-band fitted ellipsoid for 
122 galaxies from the MRCR-SUMSS sample (solid line) and for 
those with largest angular size greater than five arcsec (dashed 
line). The dotted line shows the difference between the radio po- 
sition angle and that of the extended i^-band emission for the 
nine sources which have this feature. 



morphology has been previously associated with either ioni- 
sation cones or the presence of dust in the host galaxy. At the 
redshift of the host galaxy {z — 2.769) there are no promi- 
nent emission lines in the Tfs-band filter, so we may be see- 
ing either an inclined dust lane, throu gh which the nucleus 
can b e seen (similar to ESO 248-GlO, iBrvant fc HunsteadI 
I2OO0I ). or widely distributed dust and star formation along 
the radio jet axis. 



4.4 Aperture corrections 



In s ome earli er papers (e.g.lEales et al.lll997l : [Willott et al.l 
200a : Do Br euck et al.ll2004 ) the K-hand magnitudes have 



been converted to an equivalent 64 - kpc a perture value. This 
value was chosen by lEales et"al] (119971 ) because it corre- 
sponds to an 8-arcsec aperture at z = 1. Fig. [8l based on 
data from iDe Breuck et al] l|2006t) , shows that the actual 
correction to the K-hand magnitudes is quite small and ap- 
phes over the full magnitude and reds hift range. The ba sis 
of the empirical correction adopted bv lEales et al.l (|l997[ ) is 
that the integrated emission of galaxies at 2 > 0.6 within an 
aperture of radius r is proportional to r"'^^. While a profile 



of this form may be an acceptable fit to nearby, bright galax- 
ies, the galaxies in our sample are faint and distant, and the 
7f — band images are not deep enough to justify fitting such 
a profile. 

At high redshift (z > 2) it is expected that many galax- 
ies are still in the process of merg ing and have not yet re- 
laxed to an elliptical profile (e.g. Ivan Breugel et al.1 Il998l : 
iPentericci et al.lll998l ). An r°'^^ profile is therefore unlikely 
to apply over a n epoch range as l a rge as z = 0.6-4. This 
is supported by Ivan Breugel et ahl (|l998l ) who found that 
the surface brightness profiles of 2; < 3 HzRGs are steeper 
than those at z > 3. The assumption of a 'universal' ra- 
dial profile then introduces an added error, estimated to be 
as large as 20 per cent. A contribution to this error comes 
from the chosen starting aperture which could, in principle, 
be based on the profile of the galaxy. The practical issue, 
however, is that profiles can not be determined accurately 
for the faint and distant galaxies. As a result, some authors 
have adopted an 8-arcsec aperture from which to convert to 
a 64-kpc aperture based on the simplicity of their equiva- 
lence at 2 = 1. In practice an 8-arcsec aperture is often too 
lar ge to avoid includ i ng ad ditional flux from nearby galax- 



De Breuck et al.l l|2002l . fig. 1) showed that the majority 



of HzRGs in their sample have most of their fiux contained 
within a 2-arcsec aperture. 

In Fig.|9]we plot the radial profiles of our /(T-band iden- 
tifications with _K' > 19 and K < 17 representing nomi- 
nal high- and low-redshift groups respectively. Almost all 
the galaxies have their total emission enclosed by a 4-arcsec 
aperture, with no difference between the brighter and fainter 
sources. Infrared imaging is relatively insensitive to low- 
surface-brightness emission, and for most of our objects, the 
flux has dropped to the background sky level within a 4- 
arcsec aperture. On the other hand, there are frequent cases 
where the intensity increases again beyond a radius of 2 arc- 
sec, indicating contaminating emission from a nearby source. 
For the sources in our sample, therefore, we do not believe 
there is any significant missing flux in the 4-arcsec aper- 
tures. Extending the aperture to 8-arcsec adds sky noise, 
which increases the error. 

Over the large time interval from 2 ~ 4 to the present, 
galaxies undergo significant evolution. We have no evidence 
that one physical size scale is a reasonable representation 
of HzRGs which may range over a factor of ten in mass 
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K— magnitude (64kpc ap.) 

Figure 8. /f-band magnitudes corrected to 64-kpc apertures ver- 
sus 8-arcsec (cir cles) and 4-arcsec (+) apertu res from the SUMSS- 
NVSS data set llDe Breuck et al.ll200 ^boOSh . The solid line is the 
linear fit to the 8-arcsec points, the dashed line is the fit to the 4- 
arcsec-aperture points, while the dotted line is the line of equality. 
An error bar represents the average error in the 8-arcsec-aperturc 
X-band magnitudes. It is clear that the difference between the 
8-arcsec- and 64-kpc-aperture ii"— magnitudes is small compared 
to errors. The 4-arcsec-aperture values follow a very similar gra- 
dient, with a fit equation i<:(64kpc) = 1.026 * log[ft'{4")] -0.824. 



llRocca-Volmerange et all |2004| ) and which we observe at 
different evolutionary stages in their formation. For these 
reasons, we have chosen not to use 64-kpc-aperture magni- 
tudes, and instead to use 4-arcsec-aperture magnitudes in 
this paper. 

4.5 K and flux density distributions 

Essentially all USS-selected HzRG samples have selection 
biases resulting from the different spectral index cut-offs 
and selection frequencies, which results in samples with 
vastly different fiux density distributions. A k-correction 
was thought to underpin the effectiveness of USS-selection 
as a steepening radio SED would be shifted with red- 
shift to lower frequencies and therefore the highest red- 
shift obj ects would be steep e st at a given obse rved fre- 
quency (jGopal-Krishnal 1 19881 : ICariUi et al] Il999h . There- 
fore USS samples selected at lower frequencies should 
net a hig her redshift d is tribu tion. This theory was chal- 
lenged by iKlamer et al] l|2006l ') who found that the SEDs 
of sources in the 843-MHz-selected SUMSS-NVSS sam- 
ple are predominantly straight. The MRCR-SUMSS sam- 
ple was then selected at the lower frequency of 408 MHz, 
and the resulting if-band magnitude and 1400 MHz flux 
density distributions are compared in Fig. 1101 The other 
samples shown are USS-selected samples with 4-arcsec- 
aperture magnitu des i ncluding the SUMSS-NVSS 6C** 
l|Cruz et all |2006| ) and iDe Breuck et al.l (|200ll . I2OO2I ') sam- 
ples, along with the three non-USS-selected samples 
from iMcCarthv et al. fl996: 2007. private communication)! . 



CENSORS (jBrookes et all l2006l . l2008h and a combined 
sample from the 3CRR, 6C*, 6C E and 7CRS catalogues 
(compiled by IWillott et al] 120031 '). The McCarthy sample 



is a set of 277 K-haxiA observations of radio galaxies, of 
which 175 have redshifts. While it remains unpublished, it 
is the largest non-USS if-band sample and therefore pro- 
vides an interesting comparison with the other samples 
discussed here. We obtained 1400 MHz flux density val- 
ues for the McCarthy sample by cross-matching the posi- 
tions with the NVSS catalogue within a 60-arcsec search 
radius. For the 38 of the 293 sources which had two matches 
within 60arcsec, we selected the closest match. SUMSS- 
NVSS was selected to have alf^^ < -1.3, and the 6C** 
sam ple is from the 15 1 -MHz 6C su rvey with aili" < —1.0. 
The iDe Breuck et al.l (|200ll . I2OO2I ) sample was selected at 
one of the frequencies 325, 365, or 408 MHz as detailed in 



the papers, and has 



pie compiled by IWiUotret all l|2003l) includes 202 narrow 
line galaxies from the 3CRR, 6C*, 6CE and 7CRS cata- 
logues, selected at 151 and 178 MHz. The 1400 MHz flux 
densities were obtained from the NASA/IPAC Extragalactic 
Database (NED) by selecting the most recently publishe<:{f| 
total integrated flux density. In several cases only peak flux 
densities were available and 26 targets have no published ob- 
servations at 1400 MHz. While the 3CRR/6C76CE/7CRS 
combined sample is less complete in 1400 MHz flux density 
than the other samples shown in Fig. 1101 it has a more com- 
plete redshift follow-up (see Paper HI). 

The four USS samples have very similar isT-magnitude 
distributions, which may suggest that when the redshift fol- 
lowup is complete, the redshift distributions may also be 
similar. A Kolmogorov-Smirnov test comparing the K dis- 
tributions of the other samples with the MRCR-SUMSS 
sample, suggests that the three other USS-selected sam- 
ples (SUMSS-NVSS, 6C** and De Breuck 2001, 2002) 
are likely to be drawn from the same distribution as the 
MRCR-SUMSS data, with p values of 0.57, 0.75 and 0.59. 
However, the three non-USS-selected samples (CENSORS, 
3CRR/6C76CE/7CRS and McCarthy) are not from the 
same distribution, with p < 0.0005. The MRCR-SUMSS 
sample is much larger than the other USS-selected samples 
in terms of the number of K measurements, and therefore 
will give a more complete picture of USS radio galaxy red- 
shift distributions once the spectroscopic foUowup is com- 
plete. 

The most striking result is that even though the USS- 
selected samples each have completely diflerent selection 
criteria and vary by a factor of 3.5 in median flux den- 
sity, the resultant K-hand distributions are the same, and 
are fainter than for the non-USS-selected samples. The 
non-USS-selected samples have vastly different flux density 
distributions, but have similar A'-band medians that are 
brighter than the USS-selected samples. Therefore the ef- 
fectiveness of USS-selection in identifying fainter and po- 
tentially higher-redshift galaxies in the samples shown, is 
not dependent on the selection frequency or the resultant 
flux density distributions of these samples. Based on the 
K — z relation, if this result also applies to the redshift dis- 
tribution, then it will provide strong evidence against the 
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radius (arcsec) radius (arcsec) 

Figure 9. Relative intensity at each radial step is plotted against radial steps of 0.5 arcsec for all of the PANIC and IRIS2 images with 
K < 17 (left) and K > 19 (right). In almost every case the emission from the galaxy is contained within a 4-arcsec-diameter aperture, 
and in some cases, emission from nearby objects is beginning to contaminate an 8-arcsec-diameter aperture. 



k-correction theory which has been thought to account for 
the effectiveness of USS-selection. 



5 CONCLUSIONS 

-K'-band imaging has been presented for a large Southern 
hemisphere USS-selected HzRG survey, the MRCR-SUMSS 
sample (408-843 MHz). We have the following findings: 

(1) Based on 163 new K images, 152 radio sources (93 
per cent) have if-band identifications with the faintest at 
K = 21.4. In combination with the 12 previously-published 
observations, 175 targets have foUowup observations and 94 
per cent of these have detections. This is consistent with the 
96 per cent de tection rate of all z > 2 H zRGs to = 22 in 
the literature (|Milev fc De Breucklliooi ). 

(2) We have investigated the location of the identifica- 
tions in relation to the radio structures for double sources 
and found that the midpoint of the lobes is the most likely 
place to find the identification, with 66 per cent of coun- 
terparts located within 2 arcsec of the midpoint. The radio 
centroid is a less likely position to find the identification. We 
have used this analysis as a guide when selecting identifica- 
tions in cases where there were ambiguities. 

(3) We find that the identification is no more likely to 
be closer to the brighter lobe than the fainter one, even 
though selection of the identification by eye may favour an 
identification closer to the brighter lobe. While 79 per cent 
of identifications are within 1 arcsec of the axis joining the 
lobes, the off-axis distance increases for sources with larger 
lobe separations. 

(4) The size of the MRCR-SUMSS sample is larger than 
most previous samples that have investigated the alignment 
effect between radio and near- infrared axes. We have found 
that 21 per cent of the galaxies that could be fitted with an 
ellipsoid, have a major axis that aligns within 10 degrees of 
the radio axis. There is no evidence for alignment at angles 
larger than 10 degrees, lending support to jet-induced-star- 
formation as the origin of the alignment. We identify non- 
elliptical, extended aligned structures in nine galaxies that 
cannot all be explained by jet-induced-star-formation. 

(5) By comparing the MRCR-SUMSS sample AT-band 



and 1400 MHz flux density distributions with those of other 
USS-selected and non-USS-selected samples, we find that 
while the flux density distributions vary signiflcantly be- 
tween samples due to different selection criteria, the median 
K-hand magnitudes are similar for all the USS-selected sam- 
ples. If the success of USS-selection is due to a k-correction, 
we would expect the samples selected at lower frequency 
to have a fainter magnitude distribution. This needs to be 
test ed further with comparative redshift distributions. 

iPaper il3 will present spectroscopy for this sample and 
interpret the radio and isT-band results in terms of the red- 
shifts found. 
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Figure 10. Distributions of NVSS-1400-MHz-flux densities and _R :-band magnitudes for the samples from MRCR-SUM SS, SUMSS- 
NVSS jPe Breuck et al. 2004, 2006), De Breuck et al. (2001,, l2002h . 6C** l lCmz et al.ll2006l) . CENSORS flBrookes et al.i r2006. 200^, 
iMcCart hy et al. (1996: 2007. private communication)! and a combined sample from the 3CRR, 6C *, 6CE and 7CR S catalogues (compiled 
bv lWillott et al.ll2003li . The 4-arcsec-aperture values for the MRCR-SUMSS, SUMSS-NVSS and lDe Breuck et al . (2001, 2002) samples 
are shown, while the plots for the 6C** and CENSORS samples show 4-arcsec-aperture magnitudes calculated from the published 3- and 
5-arcsec values by averaging the equivalent 3- and 5-arcsec fluxes and converting to a 4-arcsec magnitude. The McCarthy magnitudes are 
in a 3-arcsec aperture and based on our dataset, we expect the average o f fset b etween the 3-arcsec and 4-arcsec aperture magnitudes to be 
< 0.2. The combined 3CRR/6C*/6CE/7CRS sample from lWillott et al.l (|200l) has equivalent 64-kpc aperture /f-band magnitudes, which 
are expected to be an average of 0.4 magnitudes fainter than the equivalent 4-arcsec-aperture magnitudes for those objects (see Fig.[8ll. 
Vertical arrows mark the median values in each plot, calculated from the confirmed values and excluding lower limit K magnitudes shown 
by the shaded regions. The non-USS samples contain sources brighter than K = 15, and they are included in the median calculation. 
The CENSORS sample has one source with 5 i^-band components and hence there are 4 fewer sources in the flux density histogram 
than in the K-hand histogram. The 3CRR/6C*/6CE/7CRS sample has 26 sources that do not have published 1400-MHz flux densities 
and are included in the ii'-band histogram, but not the flux density histogram. 
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Figure A-1. 2368-MHz ATCA contours overlaid on the i^-band images for all the sources in our sample that have IRIS2 or PANIC 
images and are not shown in Fig. [2] The full set of Appendix images are included in the MNRAS online journal. The X-band images 
show which instrument they are from, in the header, and they have been smoothed using a gaussian kernel of 3 pixels FWHM. All the 
radio contours are from natural-weighted images. The lowest contour is 3 sigma, and the contours are a geometric progression in \/2. 
The rms noise (c) is shown in the header of each image in mjybeam"^. Crosshairs mark the K-hand counterpart to the radio source, 
that were identified in K. The ATCA synthesized beam is shown in the bottom right-hand corner of each panel. 
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Figure A-2. iC-band images for all the sources in our sample that have ATCA images at 4800- or 8640-MHz including all the images 
not already shown in Fig. |3] The full set of Appendix images are included in the MNRAS online journal. The frequency of the overlaid 
contours is marked on the top right of each image. The /C-band images show which instrument they are from, in the header, and they 
have been smoothed using a gaussian kernel of 3 pixels FWHM. All the radio contours are from natural-weighted images. The lowest 
contour is 3 sigma, and the contours are a geometric progression in \/2- The rms noise (cr) is shown in the header of each image in 
mjybeam"^. Crosshairs mark the ii'-band counterpart to the radio source, that were identified in K. The ATCA synthesized beam is 
shown in the bottom right-hand corner of each panel. 



